Pearl millet is an important cereal crop for smallholder farmers' food security in West and Central Africa. However, its production has stagnated due to several factors such as the continuous use of local populations. A set of 17 inbred lines was crossed with Sosat C 88 and Souna 3 following a line × tester mating design. The 1 hybrids, their parents, and a check were evaluated in Bambey and Nioro research stations during the rainy season of 2017. Data on downy mildew incidence, plant height, flowering time, panicle length and diameter, productive tillers, thousand-grain weight, panicle, and grain yield were recorded. GCA and SCA mean squares were significant for most of the traits indicating that both additive and nonadditive gene effects were involved in the control of the inheritance of these traits. However, the contribution of GCA to total mean squares was higher than that of SCA for all the traits, providing that additive gene action was more important in their inheritance. The top-cross hybrid IBL155-2-1 × Sosat C 88 exhibited negative and significant SCA effects for downy mildew incidence, flowering time, and plant height. Lines IBL003-B-1, IBL091-1-1, IBL095-4-1, IBL110-B-1, and IBL 206-1-1 had positive GCA effects for grain yield and negative GCA effects for downy mildew, flowering time, and plant height. These lines can be used as parents to create synthetic varieties or hybrids.
Introduction
Pearl millet (Pennisetum glaucum (L.) R. Brown) is the 4th most important tropical cereal after rice, maize, and sorghum [1] . In 2014, global grain pearl millet production was estimated at 28 million tons, harvested from 32 million ha in Asia, Africa, and the Americas. The average yield is about 900 kg ha −1 . India and Africa are the most important producers with more than 85% of the total production in 2016 [1] . It is an important dual purpose cereal crop in Africa and Asia where it is considered as a staple food and source of fodder and feed for livestock for smallholders farmers [2] . The grain of pearl millet is a very rich source of protein, vitamins, and minerals in comparison with other cereals and is used for human consumption in diverse ways [3] . The pearl millet stover is used as fuel, material for building and fencing, and also a soil additive to enhance soil fertility [4] . It is also being experimented as a grain and forage crop in the USA, Canada, Mexico, India, and West and North Africa [5] .
As the world population is continuously increasing and is projected to reach nine billion by 2050, pearl millet is expected to play an important role for achieving food security in West and Central African countries, which have the highest population growth rates in the world [6] . However, in this part of the world, yields of pearl millet are very low compared to yields in India and yet African farmers, particularly in Senegal, have not adopted improved varieties in a large scale. In pearl millet growing areas in Africa, adoption rate of improved OPVs varied from 5 to 37% [7] . In contrast, most Indian farmers are using improved varieties, [5] . Thus, enhancement of pearl millet production and productivity in Africa, which is a high priority, can be achieved through the identification of elite parent materials which can be used as parents to develop hybrid varieties.
ICRISAT has developed pearl millet inbred lines derived from landraces originating from West and Central Africa which can be useful in developing high yielding pearl millet hybrids and synthetic varieties with considerable adaptation to this pearl millet growing environment. These lines were screened for pearl millet downy mildew resistance in Senegal and some of them showed good agronomic traits and resistance to the pearl millet downy mildew. However, the per se performance of these pearl millet inbred lines does not predict the performance of hybrids for disease resistance and agronomic traits [8] . Therefore, to make effective use of these pearl millet inbred lines, their combining abilities need to be elucidated [9] . This genetic information can be obtained by different mating design including line × tester [10] . GCA and SCA estimates of pearl millet inbred parents or landraces for different traits such as micronutrients [11] , grain quality [12] , and fodder yield [13] were reported to be important. Additive genetic action was also reported to be important in controlling traits such as grain yield, flowering time, and panicle length [14] . There is scanty published information on the combining ability of the pearl millet inbred lines derived from landraces collected in West and Central Africa, known as the origin of the crop, for disease resistance and agronomic traits. The objectives of this study were to estimate combining ability and heterosis of pearl millet inbred lines for downy mildew, yield, and other agronomic traits under downy mildew infested fields and identify superior pearl millet hybrids for yield, yield components, and resistance to downy mildew.
Materials and Methods

Plant Material and Mating
Design. Seventeen inbred lines were used as females and crossed each to two OPVs used as males according to the line × tester mating design [10] to generate 34 1 hybrids. The OPVs varieties were considered as testers and the inbred lines as lines. The two testers named Souna 3 and Sosat C 88 are popular varieties adapted to the groundnut agroecological zone. The pearl millet inbred lines used for the study were selected from a pool of pearl millet landraces from West and Central Africa converted to inbred lines through successive selfing up to S6 [15] . These inbred lines were selected through a downy mildew phenotypic evaluation conducted at Bambey and Nioro research stations during the rainy season 2016. They showed less than 10% DMI and were classified as resistant varieties. The seeds of the male parents were planted in 4 different dates in order to synchronise the flowering time of these male parents with the ones of the female parents. Thus, from January 2017, the sowing of the male parents was done every week and seeds of each of the male parents were sown in 5 rows of 15 hills per row. All the female parents were sown in one time during the second sowing date of the male parents in a one row-plot of 15 hills. At the booting stage, at least plant heads of 4 panicles per plant of the male and female parents were covered in order to avoid undesirable pollination. At flowering, each covered panicle of female plant was pollinated with bulk pollen collected from at least 20 different plants of the male parent.
At maturity stage, 1 panicles of the female parents were harvested and the lower and upper parts of each panicle were cut before threshing to minimize outcrossing from unknown plants or selfing. Indeed, because of the protogynous nature of the crop the stigmata of a plant are receptive before the shedding of pollen and the flowering starts from the upper to the lower part. Then, the upper part of the panicle may be pollinated by unknown plants if not covered on the right time and the lower part of the panicle may be pollinated by the pollen from the same plant.
After threshing, 1 seeds from the same female parent were bulked and used as 1 hybrids. The 34 1 hybrids along with the 17 inbred lines, the two testers, and an OPV named Thialack II as check, providing 54 genotypes, were used for the evaluation (Table 1) .
Study Sites, Experimental Design, and Field Management.
The 34 hybrids, together with their parents and the OPV check, were evaluated under rainfed conditions during the rainy season of 2017 at two locations in Senegal. The study sites were Bambey (13 ∘ 49 12 North, 13 ∘ 55 12 West) and Nioro (13 ∘ 45 0 North, 15 ∘ 48 0 West) research stations. Both locations are in the groundnut agroecological zone, the main pearl millet growing area in Senegal, and were characterized as hotspots for downy mildew in the previous study. The genotypes were arranged in 9 × 6 alpha lattice design with three replications at each site. Each block was surrounded by a downy mildew infector row consisting of a downy mildew susceptible line, 7042 S, sown 3 weeks before the tested materials. Each plot consisted of one row of 8.1 m length with a spacing of 0.9 m between rows and between plants within a row. At least 10 seeds were planted per hole and later thinned to two plants two weeks after sowing. The fields were weeded two times after sowing. The trials received the recommended 15N-15P-15K basal fertilizer at a rate of 150 kg ha −1 just before sowing. During the crop development a top dressing using area at a rate of 100 kg ha −1 was done in two fractions: 50 kg ha −1 after thinning and 50 kg ha −1 after the second weeding.
Data Collection.
The recorded data were collected according to the method described by Drabo [14] . Flowering (FWT) was recorded by counting the total number of days from sowing to the time when 50% of plants in a plot flowered. Downy mildew incidence (DMI) was obtained by dividing the total number of infected plants, 30 DAS from a plot, by the total number of plants. Panicles harvested in a plot were weighed to determine panicle yield (PY) and then threshed. Grains obtained in each plot were weighed and used International Journal of Agronomy 3 
Five random plants were selected in each plot to measure the plant height (PH) from the base of the plant to the upper part of the panicle, number of productive tillers (PT) by counting the number of tillers per plant which produce productive panicles, panicle length (PL), and panicle diameter (PDIA). Five random samples of 1000 grains for each plot were weighed using a sensitive balance to determine the 1000-grain weight (TGW).
Data Analysis.
Analysis of variance for each experimental site as well as for combined data after the homogeneity test of variance across the two experimental sites was performed using the general linear model (GLM) procedure in SAS version 9.4 (SAS Institute, Cary, NC). The following mathematical linear model was used:
where is the observed value of the variable for the th entry in the th location within th replication; is the overall general mean; is the effect of the th genotype; is the effect of the th location; GL is the interaction effect of the th entry and the th location;
is the effect of the th replication within the th location; is the effect of the th block of the th replication in the th location; is the experimental pooled error.
For the combining ability, analysis of variance was performed for traits that showed significant differences among hybrids using SAS software version 9.4 (SAS Institute, Cary, NC). Thus, the sum of squares of hybrids was partitioned into various variations due to lines, testers, and their interactions based on the following statistical model described by Singh and Chaudhary (1977):
where is th observation on the th and th progeny;
is the overall general mean;
is the effect of the th male;
is the effect of the th female;
MF is interaction effect;
is error associated with each observation.
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where
is mean of all the hybrids containing an th line average over all replications, sites, and males; is mean of all the hybrids containing a th tester average over all replications, sites, and females; is mean of the cross between th line and th tester across all replications and sites.
The significance of the GCA effects was tested using the formula described by Cox and Frey (1984):
, where, S.E (gca male) = √ Me
, where, S.E (gca female) = √ Me
, where, S.E (sca) = √ Me ,
where Me is the error mean sum of squares; r, t, l, s are numbers of replications, testers lines, and sites, respectively; SE is standard error.
Standard, mid-parent, and better parent heterosis for grain yield were also calculated for each cross across locations following Hallauer et al. (2010):
Mid-parent heterosis (MPH)
Better parent heterosis (BPH)
where 1 denotes the mean performance of the hybrid averaged over the two locations. The mean value of the OPV check was used to calculate the standard heterosis.
The parent with the highest mean value was used as better parent in the calculation of high-parent heterosis while the average between the two parents was used for the mid-parent heterosis.
Results
Performance of Hybrids and Parents across Locations.
Combined analysis of variance across locations showed highly significant ( < 0.01) genotype effect for all measured traits (Table 2) . Site effect was also significant for all the traits, except for DMI and PH. However, interaction genotype × site effect was only significant for FWT, TGW, PY, and GY. All genotypes were resistant to downy mildew with a mean DMI of 4%, except for IBL 155-2-1 and its progeny with Souna 3 which displayed both 22% DMI (Table 3) . Days from sowing to 50% flowering (DAS) of genotypes across the two sites ranged from 50 to 69 DAS with an average of 56 DAS. The genotypes were tall with plant height ranging from 2 to 3.2 m. Panicle length of the pearl millet genotypes varied from 27 to 58 cm with an average of 44 cm while their diameter ranged from 1.2 to 2.7 cm with a mean diameter of 2.1 cm. The number of productive tillers ranged from 2 to 6 tillers per plant with a mean value of 4 productive tillers per plant. The 1000 seeds weight varied from 5 to 12 g with a mean of 9 g. The panicle yield of genotypes across the two sites varied from 376 kg ha Based on grain yield, the ten best genotypes in Nioro were only hybrids while in Bambey the three OPVs were among the top ten genotypes. The hybrids IBL 091-1-1 × Sosat C 88 and IBL 206-1-1 × Souna 3 performed well under both locations and were among the best ten genotypes across the two environments.
Combining Ability Analysis across Locations.
The total variation due to crosses was partitioned into line, tester, and line × tester interaction (Table 5 ). The mean squares due to hybrids were significant for all the traits except for PY and GY. Line mean squares across the two locations were also significant for all the traits except for PDIA while tester mean squares were not significant for PT, PY, and GY. Line × tester mean squares were significant for most traits except PDIA, PY, and GY. The mean squares due to line × site were significant for TGW, PY, and GY whereas the mean squares due to tester × site interaction were significant for FWT and DMI. However, the mean squares due to site × line × tester interaction were not significant for all the traits across the two locations. Figure 1 : Proportion of total mean squares of studied traits attributable to GCA m , GCA f , and SCA across locations. DMI: downy mildew incidence; FWT: flowering time; PH: plant height; PL: panicle length; PDIA: panicle diameter; PT: productive tillers; TGW: 1000-grain weight; PY: panicle yield; GY: grain yield; GCA m : general combining ability for male parent; GCA f : general combining ability for female parent; SCA: specific combining ability.
Relative Contributions of Mean Squares to Additive and
Nonadditive Effects. Across the two locations, the relative importance of mean squares, for additive effect (GCA m + GCA f ), was higher for all the traits compared to the dominance effect (SCA) (Figure 1 ). GCA effects accounted for most of the variation observed for most of the traits with more than 80% of the total genotypic variation among hybrids except for PH, PT, PY, and GY. The overall contribution of GCA sums of squares to the total mean squares across the two locations varied from 58% for GY to 99% for PLEN while SCA varied from 1% for PLEN to 42% for grain yield. The contribution of GCA m was higher than GCA f and SCA for DMI, PLEN, PDIA, and TGW while GCA f was larger than GCAm and SCA mean square for FWT, PH, PT, PY, and GY. The contribution of GCA f (50%) was slightly higher than SCA (42%) to grain yield.
Estimation of General Combining Ability Effects.
The contribution of lines and testers to crosses for traits studied across the two locations is presented in Table 6 . For female lines, significant GCA effects were observed for most of C 88  54  52  8  9  2411  4240  1010  2966  Souna 3  55  56  8  8  3465  2372  1731  805  Sosat C 88  50  52  9  10  2956  2180  1707  1389  Thialack II  54  52  7  8  3716  3044  1659  1729  Mean  57  55  8  9  2186  2441  1072  1270  SD  5  4  2  2  955  1089  476  703 FWT: flowering time; TGW: 1000-grain weight; PY: panicle yield; GY: grain yield. 
Estimation of Specific Combining Ability Effects.
Significant positive and negative SCA effects were recorded for all the observed traits ( Table 7) . The top-cross hybrid IBL 155-2-1 × Sosat C 88 was the only one which exhibited negative and significant SCA effects for DMI. In addition, its SCA effects for FWT and PH were negative and significant while its SCA effects for PT were significant and positive. Among 34 top-cross hybrids, six top-cross hybrids had significant SCA effects, of which three were positive. All the significant and positive SCA effects for PY and GY were recorded in the crosses among Sosat C 88 with the inbred lines IBL 179-2-1, IBL 091-1-1, and IBL 021-3-1.
Estimation of Standard, Best, and Mid-Parent Heterosis for Grain Yield across Locations.
The estimates of best parent, mid-parent, and standard heterosis for grain yield are summarized in Table 8 . The best parent heterosis for grain yield across the two locations varied from −44 to 60% and 17 hybrids displayed positive best parent heterosis. IBL 206-1-1 × Souna 3, followed by IBL 001-4-1 × Souna 3, had the largest best parent heterosis for grain yield and was among the best five hybrids while IBL 119-B-1 × Sosat C 88 had the least best parent heterosis value. The mid-parent heterosis varied from −16% for IBL 106-B-1 × Sosat C 88 to 125% for IBL 119-B-1 × Souna 3 which was not among the ten best hybrids. All the 
Discussion
The significant differences observed among the genotypes for all the characters studied indicated the presence of large amount of genetic variability among the inbred lines, the OPVs, and their crosses, which is a prerequisite in the establishment of a successful breeding programme. Genetic variability for downy mildew disease and several agronomic traits has been also reported in many studies conducted in West and Central Africa [14, [16] [17] [18] [19] . The results indicated also the influence of the environment on the performance of the genotypes for FWT, TGW, PY, and GY traits as their genotype × location interaction effect was significant. The environment effect in the performance of genotypes for flowering time was also reported in Burkina Faso [14] . The mean grain yield at Nioro research station was higher compared to Bambey research station. This could be explained by rainfall pattern and soil texture variability existing between the two locations where the experiments were established. Bambey research station is located in the northern part of the groundnut basin in the Sudano-Sahelian area and the soil texture is sandy while Nioro research station, located in the southern part of the groundnut basin in the Sudanese zone, has sandy-clay soil texture. However, despite the site effect on grain yield and yield related traits, some of the genotypes such as IBL 091-1-1, IBL 091-1-1 × Sosat C 88, and Thialack II have performed well under the two environments. Besides the existence of useful variability, the establishment of a successful breeding programme depends on a deep understanding of the underlying gene action of the traits of interest. Indeed, this genetic information will guide breeders on which breeding methods and lines to use for the development of improved varieties [9] . In this study, GCA and SCA mean squares were significant for all the traits studied except for the SCA of PDIA, PY, and GY traits indicating that both additive and nonadditive gene actions were important for the inheritance of these traits across the two locations. This result is contrary to the findings of [16, 17] that reported only significant GCA effects for agronomic traits such as flowering time, downy mildew incidence, plant height, and panicle length. However, in the present study, the larger proportion of GCA over SCA mean squares for most of the traits such as DMI, FWT, PL, PDIA, and TGW indicated the preponderance of additive gene action over nonadditive gene action. This would imply that recurrent selection could be effectively used for improvement of these traits. The result of this study is consistent with that of [14] that reported additive gene action to be more important that nonadditive gene action in controlling agronomic traits such as grain yield, flowering time, and panicle length. Similarly, [20] reported the importance of additive gene action over nonadditive gene action in the expression of panicle length and diameter. The additive gene action was also reported for other traits in pearl millet such as Fe and Zn densities [11] . For grain yield, the significance of GCA f and the lack of significance for SCA suggest that grain yield is controlled by additive gene effects as reported by several authors [14, 16] . However, the slight difference of their mean squares suggests that nonadditive gene action is also important in the inheritance of grain yield trait. This study has also provided information on parental effects in controlling the traits studied. The larger GCA m mean squares over GCA f mean squares for DMI, PL, PDIA, and TGW display the role of paternal effects in the control of these traits while the larger GCA f mean squares over GCAm mean squares for FWT, PH, PT, and GY suggest the role of maternal effects in the control of these traits across the two locations. Similarly, [14] found a paternal effect in controlling PDIA and a maternal effect for FWT and PH under different locations in Burkina Faso. The best performing cross for high grain yield and resistance to downy mildew disease may be produced by crossing the male parents resistant to the disease with female parents having good yield potential. control check indicate great potential for hybrid pearl millet breeding. Therefore, this technology can be a good strategy to increase pearl millet production like in India where more than 70% of the pearl millet cultivated area is sown with 1 hybrids [5] . However, a strong hybrid pearl millet breeding programme needs to be established.
Conclusion
The present study revealed that the crosses IBL 206-1-1 × Souna 3, IBL 091-1-1 × Sosat C 88, IBL 206-1-1 × Sosat C 88, IBL 001-4-1 × Souna 3, and IBL 003-B-1 × Sosat C 88 were the top five hybrids and exhibited positive best parent, midparent, and standard heterosis for grain yield. Furthermore, both additive and nonadditive gene action were involved in the inheritance of almost all the traits studied. However, the contribution of the additive gene action was higher than that of nonadditive gene action for all the traits. Inbred lines IBL 003-B-1, IBL 091-1-1, IBL 095-4-1, IBL 110-B-1, and IBL 206-1-1 exhibited positive GCA effects for grain yield and negative GCA effects for flowering time, downy mildew disease, and plant height. These lines can be used as parents for breeding high yielding synthetic varieties or hybrids 1 adapted to West and Central African countries.
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